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(54) Optimal anneal technology for micro-voiding control and self-annealing management of 
electroplated copper 



(57) The present invention generally provides for a 
two step annealing process for a deposited metal layer 
(18). More particularly, the two step annealing process 
provides for annealing a metal layer, preferably electro- 
plated copper, at less than about 300°C for less than 
about 30 seconds, followed by annealing the layer at 
between about 300°C and about 450°C for less than 
about 90 seconds. The annealing process occurs in a 



processing gas preferably with an oxygen content less 
than about 100 parts per million (ppm) and an hydrogen 
content less than about 4% by volume. The invention 
has the advantages of increased substrate throughput 
rates, improved self-annealing micro-void control, and 
improved grain growth management. 
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Description 

[0001] The present invention generally relates to 
deposition of a metal layer onto a substrate. More par- 
ticularly, the present invention relates to a process for 5 
annealing a copper layer deposited on a substrate by an 
electroplating system. 

[0002] Consistent and fairly predictable improve- 
ment in integrated circuit design and fabrication has 
been observed in the last decade. One key to success- 10 
ful improvements is the multilevel interconnect technol- 
ogy, which provides the conductive paths between the 
devices of an integrated circuit (IC) device. The shrink- 
ing dimensions of features, presently in the sub-quarter 
micron and smaller range, such as horizontal intercon- 15 
nects (typically referred to as lines) and vertical inter- 
connects (typically referred to as contacts or vias) in 
very large scale integration (VLSI) and ultra large scale 
integration (ULSI) technology, has increased the impor- 
tance of metal layer deposition and post deposition 20 
treatment techniques of metal layers. Contacts extend 
to a device on the underlying substrate, while vias 
extend to an underlying metal layer. 
[0003] The multilevel interconnects that lie at the 
heart of ultra large scale integration (ULSI) technology 25 
require planarization of interconnect features formed in 
high aspect ratio apertures, including the horizontal and 
vertical interconnects, and other features. Reliable for- 
mation of these interconnects and other features is very 
important to the success of ULSI and to the continued 30 
effort to increase circuit density and quality on individual 
substrates and die. As circuit densities increase, the 
widths of the instruments and other features, as well as 
the dielectric materials between them, decrease to less 
than 250 nanometers, whereas the thickness of the die- 35 
lectric layers remains substantially constant, with the 
result that the aspect ratios for the features, i.e., their 
height divided by width, increases. 
[0004] Many traditional deposition processes, such 
as physical vapor deposition (PVD) and chemical vapor 40 
deposition (CVD), have difficulty filling structures where 
the aspect ratio exceed 4:1, and particularly where it 
exceeds 10:1. Therefore, there is a great amount of 
ongoing effort being directed at the formation of void- 
free, nanometer-sized features having high aspect 45 
ratios wherein the ratio of feature height to feature width 
can be 4:1 or higher. Additionally, as the feature widths 
decrease, the device current remains constant or 
increases, which results in an increased current density 
in the feature. so 
[0005] Elemental aluminum (Al) and its alloys have 
been the traditional metals used to form lines and plugs 
in semiconductor processing because of aluminum's 
perceived low electrical resistivity, its superior adhesion 
to silicon dioxide (Si0 2 ), its ease of patterning, and the 55 
ability to obtain Al in a highly pure form. However, alumi- 
num has a higher electrical resistivity than other more 
conductive metals such as copper, and aluminum also 
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can suffer from electro migration leading to the formation 
of voids in the conductor. 

[0006] Decreasing feature size has created a need 
for using a conductive material with greater conductivity 
than aluminum. Copper and its alloys are now being 
considered as an interconnect material in place of alu- 
minum, because copper has a lower resistivity (1.7 int- 
ern compared to 3.1 |u^-cm for aluminum), significantly 
higher electromigration resistance, and higher current 
carrying capacity. These characteristics are important 
for supporting the higher Current densities experienced 
at high levels of integration and increase device speed. 
Copper also has good thermal conductivity and is avail- 
able in a highly pure form. Therefore, copper is becom- 
ing a choice metal for filling sub-quarter micron, high 
aspect ratio interconnect features on semiconductor 
substrates. 

[0007] Despite the desirability of using copper for 
semiconductor device fabrication, choices of fabrication 
methods for depositing copper into very high aspect 
ratio features (e.g. > 4:1 aspect or 0.35^ or less size) 
are limited. In the past, chemical vapor deposition 
(CVD) and physical vapor deposition (PVD) were the 
preferred processes for depositing electrically conduc- 
tive material, typically aluminum, into the contacts, vias, 
lines, or other features formed on the substrate. How- 
ever, for copper applications, precursors for CVD cop- 
per processes are being developed, and PVD copper, 
deposited into such features, has produced unsatisfac- 
tory results because of voids formed in the features. For 
instance, PVD copper tends to bridge the opening to 
small features resulting in a non-conformal large depos- 
its on the substrate which typically includes voids in the 
vias and interconnects. As a result of these process lim- 
itations, electroplating, which had previously been lim- 
ited to the circuit board fabrication, is being used to fill 
vias and contacts on semiconductor devices. Thus, 
efforts are being explored to improve the electroplating 
process for use in substrate manufacturing especially in 
applications with high aspect ratio features. 
[0008] Metal electroplating is generally known and 
can be achieved by a variety of techniques. Present 
designs of cells for electroplating a metal for a substrate 
are based on a fountain plater configuration. The semi- 
conductor substrate is positioned with the plating sur- 
face at a fixed distance above a cylindrical electrolyte 
container, and the electrolyte impinges perpendicularly 
on the substrate plating surface. The substrate is the 
cathode of the plating system, and ions in the plating 
solution deposit on the conductive, exposed surface of 
the substrate and in the sub-micron features on the sub- 
strate. 

[0009] A typical copper electroplating deposition 
method generally comprises physical vapor depositing 
a barrier layer over the surface of a substrate having 
various features formed thereon, physical vapor depos- 
iting a conductive metal seed layer, preferably copper, 
over the barrier layer, and then electroplating a conduc- 
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tive metal layer over the seed layer to fill the struc- 
ture/feature. Finally, the deposited layers and the 
dielectric layers are planarized, such as by chemical 
mechanical polishing (CMP), to define a conductive 
interconnect feature. 5 
[0010] Electroplating with copper presents some 
challenges in substrate manufacturing processes. For 
instance, electroplated copper does not typically plate 
evenly across the substrate surface, leaving voids and 
discontinuities in the features. This unevenness is detri- 10 
mental to circuit uniformity, conductivity, and reliability. 
For example, voids form when the copper layer deposits 
on the substrate so that the copper layer bridges across 
the opening of a feature before the high aspect ratio is 
completely filled. Thereafter, the high mobility of metal 15 
atoms surrounding the voids causes the atoms to dif- 
fuse and minimize the surface area of the voids forming 
circular shaped voids resulting in poor and unreliable 
electrical contacts. A void may accumulate and/or grow 
to a size where the immediate cross-section of the con- 20 
ductor is insufficient to support the quantity of current 
passing through the conductor, leading to an open cir- 
cuit. The area of conductor available to conduct heat 
likewise decreases where the void forms, increasing the 
risk of conductor failure. The unevenness also affects 25 
the adhesion of the conductive material to the substrate 
and affects the ability of subsequent layers to ade- 
quately bond to the conductive material. 
[0011] To overcome layer unevenness and other 
process deposition limitations, further heat treatment of 30 
a film after deposition is performed. One effective tech- 
nique is annealing. Annealing is the process of subject- 
ing a material, particularly glass or metal, to heat and 
then slow cooling. Annealing can be used to flow mate- 
rial to fill voids, purify layers, dope or encourage diffu- 35 
sion of layers, .and manage crystal growth and 
orientation. Heat introduced during annealing allows the 
metal layer to flow and fill in voids in high aspect ratios 
and diffuse into adjacent layers to improve inter-metal 
adhesion. Additionally, for example, a deposited layer 40 
can be annealed in oxygen or nitrogen to form oxides or 
nitrides with the metal or in an inert atmosphere to 
remove contaminants. Crystal growth and orientation 
can be managed by annealing the metal for more than 
thirty minutes or by briefly melting the metal layer and 45 
allowing a cooling time for recrystallization. Annealing 
also relieves internal stress in the metal layer formed 
during deposition thereby reducing layer brittleness and 
increasing layer toughness. 

[0012] Since copper has a relatively low melting 50 
temperature compared to other metals typically depos- 
ited in semi-conductor manufacturing, copper is an ideal 
candidate for annealing. New developments in semicon- 
ductor manufacturing that have focused on depositing 
copper, especially by electroplating techniques, have 55 
sparked new interest in developing better copper 
annealing processes. Additionally, copper deposited by 
electroplating, or ECP copper, has the physical phe- 



nomena of self-annealing. In self-annealing copper will 
"grow" to a more stable structure after plating at room 
temperature. Industrial annealing can control this self- 
annealing process. 

[0013] Current industry practice is to either perform 
a higher temperature anneal to achieve grain growth or 
to perform a low temperature anneal to terminate the 
self-annealing phenomena. Furnace anneal technology 
has been primarily used to speed up or control this self- 
annealing process and to stabilize the film properties for 
additional down-stream processing steps, such as etch- 
ing and chemical mechanical polishing. In the annealing 
furnace, substrates are heated to about 250°C to 
400°C, annealed for about 30 minutes, and then cooled 
to room temperature. 

[0014] Further, the thickness of the deposited metal 
layer plays an important role in the final self-anneal 
state of the copper film. At a typical 250°C furnace 
anneal or less than 300°C anneal using the Applied 
Material's (of Santa Clara, California) Electra™ copper 
plating system, similar stress characteristics and stress 
reduction will be produced on a blanket film. However, 
Fine line features, features less than 0.35 |um, that are 
necessary for advanced applications do not show the 
stress characteristics and stress reduction of the blan- 
ket film for the same process. Therefore fine line fea- 
tures require more energy and require more time to 
achieve similar stress film results as that of annealed 
copper layers of large features or blanket films. 
[0015] As can be expected, the annealing process 
is time consuming and results in a low substrate 
throughput rate. Often the throughput rate is four or 
more hours for a batch of 100 substrates, or approxi- 
mately the processing rate of less than 25 substrates 
per hour. This processing rate is undesirably slow for 
modern semi-conductor manufacturing high production 
rates. 

[0016] Therefore there remains a need to develop a 
more efficient annealing process having a shorter dura- 
tion for higher substrate throughput and for application 
to electroplated copper layers. Ideally, the process 
should address both the grain growth of the copper and 
the need for copper void-filling in high aspect ratios. Fur- 
ther, the process should overcome the film stress diffi- 
culties in fine features. 

[0017] The present invention generally provides a 
two step process to anneal a metal layer deposited 
using electroplating techniques. In one aspect of the 
invention, the annealing process comprises annealing 
the metal layer at a first temperature, preferably less 
than about 300°C for copper, and then annealing the 
metal layer at a second temperature higher than the first 
temperature, preferably more than about 300°C and 
less than about 450°C for copper. Preferably the first 
temperature anneal has a duration less than about 30 
seconds and the second temperature anneal has a 
duration less than about 90 seconds. The metal is pref- 
erably deposited by electroplating at about room tem- 
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perature and of a material, such as copper, that 
electroplates readily. The annealing process occurs in a 
processing gas at approximately atmospheric pressure. 
Preferably, the processing gas is nitrogen (N 2 ), argon 
(Ar), helium (He), and combinations thereof with an oxy- 5 
gen content less than about 100 parts per million (ppm) 
and an hydrogen content less than about 4% by volume. 
[0018] In another aspect of the invention, a feature 
is formed on a substrate by depositing a dielectric layer 
on the substrate, etching a pattern into the substrate, 10 
depositing a barrier layer on the substrate, depositing a 
conductive metal layer on the barrier layer, annealing 
the conductive metal layer at a first temperature, and 
then annealing the conductive metal layer at a second 
temperature higher than the first temperature as previ- 15 
ously described. The two-step anneal process provides 
for both grain growth control and void filling in high 
aspect ratios. 

[0019] So that the manner in which the above 
recited features, advantages and objects of the present 20 
invention are attained and can be understood in detail, 
a more particular description of the invention, briefly 
summarized above, may be had by reference to the 
embodiments thereof which are illustrated in the 
appended drawings. 25 
[0020] It is to be noted, however, that the appended 
drawings illustrate only typical embodiments of this 
invention and are therefore not to be considered limiting 
of its scope, for the invention may admit to other equally 
effective embodiments. 30 



[0021] The present invention generally provides a 
two step annealing process for deposited metals. More so 
particularly, the present invention provides a two step 
annealing process for deposited metal layers, such as 
electroplated copper deposited on substrates, wherein 
the deposited metal is annealed as a first temperature, 
and annealed at a second temperature higher than the 55 
first temperature. The two step annealing process com- 
prises annealing a metal layer, preferably electroplated 
copper, at less than about 300°C for less than about 30 



seconds, followed by annealing the metal layer at 
between about 300°C and about 450°C for less than 
about 90 seconds. The metal is preferably deposited by 
electroplating at about room temperature. The present 
invention has the advantages of increased substrate 
throughput rates, improved self-annealing micro-void 
control, and improved grain growth management. 
[0022] The first annealing temperature controls 
substrate feature micro-voiding by promoting the flow of 
the annealed material to fill holes and voids formed in 
apertures and other substrate features. A lower anneal- 
ing temperature will result in lower stress for the film 
which acts as the driving force of the self-annealing 
ECP copper. The second annealing temperature con- 
trols the final self-anneal of the metal layer and also 
manages the grain growth and crystal orientation of the 
metal film. 

[0023] Prior annealing processes have not 
addressed the competing processes of self-annealing 
micro-voiding control and grain growth management. 
Typically only one of these concerns is addressed by 
performing either a high temperature anneal to achieve 
grain growth or a low temperature anneal to expedite 
the self-annealing phenomena. Further, the annealing 
process of the present invention overcomes film stress 
difficulties in submicron features by allowing, a metal 
layer with low film stress to develop in the first annealing 
step, and then, in the second annealing step, by manag- 
ing grain growth for a more stable metal layer structure 
while preventing an increase in film stress. 
[0024] For the annealing process, the annealing 
chamber is preferably maintained at about atmospheric 
pressure, and the oxygen content inside the annealing 
chamber is preferably controlled to less than about 100 
parts per million (ppm) during the anneal treatment 
process. Preferably, the processing gas inside the 
annealing chamber comprises nitrogen (N 2 ), argon (Ar), 
helium (He), and combinations thereof, and comprises 
less than about 4% hydrogen (H 2 ). The processing gas 
flow into the annealing chamber is maintained at greater 
than 20 liters/min, or the chambers particular needed 
flow rate, to control the oxygen content to less than 100 
ppm. 

[0025] A skilled practitioner in the art will under- 
stand the need to modify the two-step annealing proc- 
ess while retaining the basic nature of the process for 
performance of the invention with respect to time and 
temperature and regarding the use of variable equip- 
ment, processes, and desired film characteristics. 
[0026] Copper layers can be effectively improved 
using this process by depositing the copper layer on the 
substrate, annealing the copper layer at a first tempera- 
ture less than about 300°C for less than about 30 sec- 
onds to flow the copper layer, and annealing the copper 
layer at a second temperature between about 300°C 
and about 450°C for less than about 90 seconds. Cop- 
per layers can be deposited by any known method in the 
art, typically by the commonly known methods of physi- 



Figures 1 is a cross-sectional view of a layered 
structure with dielectric layer deposited over a sub- 
strate and patterned etched to produce a substrate 
feature in accordance with an embodiment of the 35 
present invention. 

Figures 2A is a cross-sectional view of a layered 
structure illustrating deposition and annealing of a 
copper layer filling the via in accordance with an 
embodiment of the present invention; 40 
Figures 2B is a cross-sectional view of a layered 
structure illustrating planarization of the layered 
structure of Figure 2A; 

Figure 3 is a schematic view of an electroplating 
system platform. 45 
Figure 4 is a cross-sectional view of a rapid thermal 
anneal chamber. 
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cal vapor deposition (PVD), chemical vapor deposition 
(CVD), and electroplating. The first anneal allows cop- 
per to fill in voids formed in substrate features and to 
correct other layering defects in the metal layer. The 
copper flow at a lower temperature reduces film stress 
developed when the metal layer under goes recrystalli- 
zation or densification during the annealing process. 
The higher temperature anneal provides management 
of grain growth and crystal orientation in the copper 
layer based upon a stable film structure developed in 
the low temperature anneal. 

[0027] To form a substrate feature or aperture in 
accordance with the present invention, a dielectric layer 
is formed over a underlying material formed on a sub- 
strate. The dielectric layer may be as thick as required 
for developing any subsequent substrate features such 
as vertical and horizontal interconnects. The dielectric 
layer may also be about twice the thickness of a single 
interconnect layer if a dual damascene via and wire def- 
inition are to be patterned etched therethrough. Any die- 
lectric material, whether presently known or yet to be 
discovered, may be used and is within the scope of the 
present invention. The dielectric layer may be deposited 
on any suitable underlying material, but the preferred 
underlying materials include barrier materials, conduc- 
tive metals, and doped silicon. 

[0028] Figure 1 is a cross-sectional diagram of a 
layered structure 10 showing a dielectric layer 14 
formed on a substrate or underlying substrate layer 12, 
wherein the substrate layer 12 is preferably an electri- 
cally conducting member or layer. The substrate layer 
12 may take the form of a doped silicon substrate or it 
may be a first or subsequent conducting layer formed on 
a substrate. A dielectric layer 14 is formed over the 
underlying substrate layer 12 in accordance with proce- 
dures known in the art to form a part of the overall inte- 
grated circuit. Once the dielectric layer 14 is deposited, 
the dielectric layer 14 is etched to form the desired inter- 
connects 16, wherein the interconnect has a floor 20 
exposing a small portion of the underlying substrate 
layer 12 and dielectric sidewalls 22. 
[0029] Etching of the dielectric layer 14 may be 
accomplished with any dielectric etching process, 
including plasma etching. Specific techniques for etch- 
ing silicon dioxide and organic materials may include 
such compounds as buffered hydrofluoric acid and ace- 
tone or EKC, respectively. However, patterning and 
etching may be accomplished using any method known 
in the art. The underlying material 12 may be a layer, 
wire or device comprising a metal, doped silicon or 
other conductive material. In particular, the underlying 
material may be provided by a barrier layer of common 
barrier materials such as titanium, titanium nitride, tita- 
nium silicon nitride, tungsten nitride, tungsten silicon 
nitride, tantalum, tantalum nitride, tantalum silicon 
nitride, doped silicon, aluminum, and aluminum oxides. 
[0030] Figure 2A is a cross-sectional diagram of the 
layered structure 1 0 of Figure 1 showing a layer of cop- 



per 18 preferably deposited by electroplating on a bar- 
rier layer 1 7 that conforms to a patterned dielectric layer 
1 4, the layer of copper 1 8 completely filling the intercon- 
nect 1 6. In order to fill the interconnect 1 6, it will gener- 

5 ally require that the entire field of the structure will be 
covered with the electroplated copper. The two step 
annealing process is then performed by annealing the 
copper layer 18 at less than about 300°C for less than 
about 30 seconds, followed by annealing the copper 

10 layer 1 8 at between about 300°C and about 450°C for 
less than about 90 seconds. Annealing the copper layer 
will cause the copper to flow and fill any voids (not 
shown) formed in the vias interconnect 16 and further 
manage grain growth and crystal orientation of the cop- 

15 per layer 18. The feature may be further processed by 
planarizing the top portion of the structure 1 0, as shown 
in Figure 2B, preferably by chemical mechanical polish- 
ing (CMP). During the planarization process, portions of 
the copper layer 18 and the dielectric layer 14 are 

20 removed from the top of the structure leaving a fully pla- 
nar surface with a conductive feature 24 formed in the 
via 1 6 therein. 

[0031] Alternatively, a seed layer (not shown) may 
be deposited to help deposition of the electroplated cop- 

25 per layer 1 8. The seed layer can be copper deposited by 
physical vapor deposition (PVD) or chemical vapor dep- 
osition (CVD); however, any suitable copper seed layer 
contemplated in the art can be used. 
[0032] The barrier layer 1 7 is may deposited prior to 

30 a seed layer or the copper layer 1 8 to prevent diffusion 
from the copper layer 18 to the underlying substrate 
layer 12. For copper metal layers, a preferred barrier 
layer 17 includes such layers as refractory metals (such 
as tungsten (W), tungsten nitride (WN), niobium (Nb), 

35 aluminum silicates, etc.), tantalum (Ta), tantalum nitride 
(TaN), titanium nitride (TiN), PVD Ti/N 2 -stuffed, doped 
silicon, aluminum, and aluminum oxides, a ternary com- 
pound (such as TiSiN, WSiN, etc.) or a combination of 
these layers. The most preferred barrier materials are 

40 Ta and TaN which typically are deposited by PVD. 

The Apparatus 

[0033] Figure 3 is a schematic view of an electro- 
45 plating system platform 200 incorporating an annealing 
chamber 211 suitable for the process of the present 
invention. Suitable devices generally provide both elec- 
troplating deposition, typically copper, and annealing 
chambers in an integrated process. 
50 [0034] The electroplating system platform 200 gen- 
erally comprises a loading station 21 0, a thermal anneal 
chamber 211, a mainframe 214, and an electrolyte 
replenishing system 220. The mainframe 214 generally 
comprises a mainframe transfer station 216, a spin- 
55 rinse dry (SRD) station 212, a plurality of processing 
stations 218, and a seed layer repair station 215. Pref- 
erably, the electroplating system platform 200, particu- 
larly the mainframe 214, is enclosed in a clean 
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environment using panels such as plexiglass panels. 
The mainframe 214 includes a base 217 having cut- 
outs to support various stations needed to complete the 
electro-chemical deposition process. The base 217 is 
preferably made of aluminum, stainless steel or other 5 
rigid materials that can support the various stations dis- 
posed thereon. A chemical protection coating, such as 
Halar™, ethylene-chloro-tri-fluoro-ethaylene (ECTFE), 
or other protective coatings, is preferably disposed over 
the surfaces of the base 21 7 that are exposed to poten- w 
tial chemical corrosion. Preferably, the protective coat- 
ing provides good conformal coverage over the metal 
base 21 7, adheres well to the metal base 21 7, provides 
good ductility, and resists cracking under normal operat- 
ing conditions of the system. Each processing station 75 
21 8 includes one or more processing cells 240. An elec- 
trolyte replenishing system 220 is positioned adjacent 
the mainframe 214 and connected to the process cells 
240 individually to circulate electrolyte used for the elec- 
troplating process. The electroplating system platform 2 o 
200 also includes a power supply station 221 for provid- 
ing electrical power to the system and a control system 
222, typically comprising a programmable microproces- 
sor. 

[0035] The mainframe transfer station 216 includes 25 
a mainframe transfer robot 242 disposed centrally to 
provide substrate transfer between various stations on 
the mainframe. Preferably, the mainframe transfer robot 
242 comprises a plurality of individual robot arms 2402 
that provides independent access of wafers in the 30 
processing stations 21 8 the SRD stations 212, the seed 
layer repair stations, and other processing stations dis- 
posed on or in connection with the mainframe. As 
shown in Figure 3, the mainframe transfer robot 242 
comprises two robot arms 2402, corresponding to the 35 
number of processing cells 240 per processing station 
218. Each robot arm 2402 includes an end effector 
2404 for holding a wafer during a wafer transfer. Prefer- 
ably, each robot arm 2402 is operable independently of 
the other arm to facilitate independent transfers of 40 
wafers in the system. Alternatively, the robot arms 2402 
operate in a linked fashion such that one robot extends 
as the other robot arm retracts. The mainframe transfer 
robot 242 includes a plurality of robot arms 2402 (two 
shown), and a flipper robot 2404 is attached as an end 45 
effector for each of the robot arms 2402. Flipper robots 
are generally known in the art and can be attached as 
end effectors for wafer handling robots, such as model 
RR701, available from Rorze Automation, Inc., located 
in Milpitas, California. The main transfer robot 242 hav- so 
ing a flipper robot as the end effector is capable of trans- 
ferring substrates between different stations attached to 
the mainframe as well as flipping the substrate being 
transferred to the desired surface orientation 
[0036] The loading station 210 preferably includes 55 
one or more substrate cassette receiving areas 224, 
one or more loading station transfer robots 228 and at 
least one substrate orientor 230. The number of sub- 



strate cassette receiving areas, loading station transfer 
robots 228 and substrate orientor included in the load- 
ing station 210 can be configured according to the 
desired throughput of the system. As shown for one 
embodiment in Figures 2 and 3, the loading station 210 
includes two substrate cassette receiving areas 224, 
two loading station transfer robots 228 and one sub- 
strate orientor 230. A substrate cassette 232 containing 
substrates 234 is loaded onto the substrate cassette 
receiving area 224 to introduce substrates 234 into the 
electroplating system platform. The loading station 
transfer robot 228 transfers substrates 234 between the 
substrate cassette 232 and the substrate orientor 230. 
The loading station transfer robot 228 comprises a typi- 
cal transfer robot commonly known in the art. The sub- 
strate orientor 230 positions each substrate 234 in a 
desired orientation to ensure that the substrate is prop- 
erly processed. The loading station transfer robot 228 
also transfers substrates 234 between the loading sta- 
tion 210 and the SRD station 21 2 and between the load- 
ing station 210 and the thermal anneal chamber 211. 
The loading station 210 preferably also includes a sub- 
strate cassette 231 for temporary storage of substrates 
as needed to facilitate efficient transfer of substrates 
through the system. 

[0037] Figure 4 is a cross-sectional view of a rapid 
thermal anneal chamber for use according to the inven- 
tion. The rapid thermal anneal (RTA) chamber 21 1 is 
preferably connected to the loading station 210, and 
substrates are transferred into and out of the RTA cham- 
ber 21 1 by the loading station transfer robot 228. The 
electroplating system, preferably comprises two RTA 
chambers 21 1 disposed on opposing sides of the load- 
ing station 210, corresponding to the symmetric design 
of the loading station 210. Thermal anneal process 
chambers are generally well known in the art, and rapid 
thermal anneal chambers are typically utilized in sub- 
strate processing systems to enhance the properties of 
the deposited materials. The invention contemplates 
utilizing a variety of thermal anneal chamber designs, 
including hot plate designs and heat lamp designs, to 
enhance the electroplating results. One particular ther- 
mal anneal chamber useful for the present invention is 
the WxZ chamber available from Applied Materials, Inc., 
located in Santa Clara, California. Although the inven- 
tion is described using a hot plate rapid thermal anneal 
chamber, the invention contemplates application of 
other thermal anneal chambers as well. 
[0038] The RTA chamber 211 generally comprises 
an enclosure 302, a heater plate 304, a heater 307 and 
a plurality of substrate support pins 306. The enclosure 
302 includes abase 308, asidewall 310 and atop 312. 
Preferably, a cold plate 313 is disposed below the top 
312 of the enclosure. Alternatively, the cold plate 313 is 
integrally formed as part of the top 31 2 of the enclosure. 
Preferably, a reflector insulator dish 314 is disposed 
inside the enclosure 302 on the base 308. The reflector 
insulator dish 31 4 is typically made from a material such 
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as quartz, alumina, or other material that can withstand 
high temperatures (i.e., greater than about 500°C), and 
act as a thermal insulator between the heater 307 and 
the enclosure 302. The dish 314 may also be coated 
with a reflective material, such as gold, to direct heat 
back to the heater plate 306. 

[0039] The heater plate 304 preferably has a large 
mass compared to the substrate being processed in the 
system and is preferably fabricated from a material such 
as silicon carbide, quartz, or other materials that do not 
react with any ambient gases in the RTA chamber 21 1 
or with the substrate material. The heater 307 typically 
comprises a resistive heating element or a conduc- 
tive/radiant heat source and is disposed between the 
heated plate 306 and the reflector insulator dish 314. 
The heater 307 is connected to a power source 316 
which supplies the energy needed to heat the heater 
307. Preferably, a thermocouple 320 is disposed in a 
conduit 322, disposed through the base 308 and dish 
31 4, and extends into the heater plate 304. The thermo- 
couple 320 is connected to a controller (i.e., the system 
controller described below) and supplies temperature 
measurements to the controller. The controller then 
increases or decreases the heat supplied by the heater 
307 according to the temperature measurements and 
the desired anneal temperature. 

[0040] The enclosure 302 preferably includes a 
cooling member 318 disposed outside of the enclosure 
302 in thermal contact with the sidewall 310 to cool the 
enclosure 302. Alternatively, one or more cooling chan- 
nels (not shown) are formed within the sidewall 310 to 
control the temperature of the enclosure 302. The cold 
plate 313 disposed on the inside surface of the top 312 
cools a substrate that is positioned in close proximity to 
the cold plate 313. 

[0041] The RTA chamber 211 includes a slit valve 
322 disposed on the sidewall 310 of the enclosure 302 
for facilitating transfers of substrates into and out of the 
RTA chamber. The slit valve 322 selectively seals an 
opening 324 on the sidewall 310 of the enclosure that 
communicates with the loading station 21 0. The loading 
station transfer robot 228 (see Figure 3) transfers sub- 
strates into and out of the RTA chamber through the 
opening 324. 

[0042] The substrate support pins 306 preferably 
comprise distally tapered members constructed from 
quartz, aluminum oxide, silicon carbide, or other high 
temperature resistant materials. Each substrate support 
pin 306 is disposed within a tubular conduit 326, prefer- 
ably made of a heat and oxidation resistant material, 
that extends through the heater plate 304. The sub- 
strate support pins 306 are connected to a lift plate 328 
for moving the substrate support pins 306 in a uniform 
manner. The lift plate 328 is attached to an to an actua- 
tor 330, such as a stepper motor, through a lift shaft 332 
that moves the lift plate 328 to facilitate positioning of a 
substrate at various vertical positions within the RTA 
chamber. The lift shaft 332 extends through the base 



308 of the enclosure 302 and is sealed by a sealing 
flange 334 disposed around the shaft. 
[0043] To transfer a substrate into the RTA chamber 
21 1 , the slit valve 322 is opened, and the loading station 

5 transfer robot 228 extends its robot blade having a sub- 
strate positioned thereon through the opening 324 into 
the RTA chamber. The robot blade of the loading station 
transfer robot 228 positions the substrate in the RTA 
chamber above the heater plate 304, and the substrate 

w support pins 306 are extended upwards to lift the sub- 
strate above the robot blade. The robot blade then 
retracts out of the RTA chamber, and the slit valve 322 
closes the opening. The substrate support pins 306 are 
then retracted to lower the substrate to a desired dis- 

15 tance from the heater plate 304. Optionally, the sub- 
strate support pins 306 may retract fully to place the 
substrate in direct contact with the heater plate. 
[0044] Preferably, a gas inlet 336 is disposed 
through the sidewall 310 of the enclosure 302 to allow 

20 selected gas flow into the RTA chamber 21 1 during the 
anneal treatment process. The gas inlet 336 is con- 
nected to a gas source 338 through a valve 340 for con- 
trolling the flow of the gas into the RTA chamber 21 1 . A 
gas outlet 342 is preferably disposed at a lower portion 

25 of the sidewall 310 of the enclosure 302 to exhaust the 
gases in the RTA chamber and is preferably connected 
to a relief/check valve 344 to prevent backstreaming of 
atmosphere from outside of the chamber. Optionally, 
the gas outlet 342 is connected to a vacuum pump (not 

30 shown) to exhaust the RTA chamber to a desired vac- 
uum level during an anneal treatment. 
[0045] According to the invention, a substrate is 
annealed in the RTA chamber 21 1 after the substrate 
has been electroplated in the electroplating cell and 

35 cleaned in the SRD station. Preferably, the RTA cham- 
ber 211 is maintained at about atmospheric pressure, 
and the oxygen content inside the RTA chamber 21 1 is 
controlled to less than about 1 00 ppm during the anneal 
treatment process. Preferably, the process gas inside 

40 the RTA chamber 211 comprises nitrogen (N 2 ), argon 
(Ar), helium (He), and combinations thereof, with less 
than about 4% hydrogen (H 2 ), and the process gas flow 
into the RTA chamber 21 1 is maintained at greater than 
20 liters/min to control the oxygen content to less than 

45 100 ppm. 

[0046] The electroplated substrate is preferably 
annealed at a temperature less than 300°C for less than 
30 seconds, followed by annealing the layer at between 
300°C and 450°C for less than 90 seconds. Rapid ther- 

50 mal anneal processing typically requires a temperature 
increase of at least 50°C per second. To provide the 
required rate of temperature increase for the substrate 
during the anneal treatment, the heater plate is prefera- 
bly maintained at between about 350°C and about 

55 450°C, and the substrate is preferably positioned at 
between about 0 mm (i.e., contacting the heater plate) 
and about 20 mm from the heater plate for the duration 
of the anneal treatment process. Preferably, a control 
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system 222 controls the operation of the RTA chamber 
21 1 , including maintaining the desired ambient environ- 
ment in the RTA chamber and the temperature of the 
heater plate. 

[0047] After the anneal treatment process is com- 5 
pleted, the substrate support pins 306 lift the substrate 
to a position for transfer out of the RTA chamber 211. 
The slit valve 322 opens, and the robot blade of the 
loading station transfer robot 228 is extended into the 
RTA chamber and positioned below the substrate. The 10 
substrate support pins 306 retract to lower the substrate 
onto the robot blade, and the robot blade then retracts 
out of the RTA chamber. The loading station transfer 
robot 228 then transfers the processed substrate into 
the cassette 232 for removal out of the electroplating 15 
processing system, (see Figure 3). 
[0048] Referring back to Figure 3, the electroplating 
system platform 200 includes a control system 222 that 
controls the functions of each component of the plat- 
form. Preferably, the control system 222 is mounted 20 
above the mainframe 214 and comprises a programma- 
ble microprocessor. The programmable microprocessor 
is typically programmed using a software designed spe- 
cifically for controlling all components of the electroplat- 
ing system platform 200. The control system 222 also 25 
provides electrical power to the components of the sys- 
tem and includes a control panel (not shown) that allows 
an operator to monitor and operate the electroplating 
system platform 200. The control panel is a stand-alone 
module that is connected to the control system 222 30 
through a cable and provides easy access to an opera- 
tor. Generally, the control system 222 coordinates the 
operations of the loading station 210, the RTA chamber 
211, the SRD station 212, the mainframe 214 and the 
processing stations 218. Additionally, the control sys- 35 
tern 222 coordinates with the controller of the electrolyte 
replenishing system 220 to provide the electrolyte for 
the electroplating process. 

[0049] The following is a description of a typical 
substrate electroplating process sequence through the 40 
electroplating system platform 200 as shown in Figure 
3. A substrate cassette containing a plurality of sub- 
strates is loaded into the substrate cassette receiving 
areas 224 in the loading station 210 of the electroplating 
system platform 200. A loading station transfer robot 45 
228 picks up a substrate from a substrate slot in the 
substrate cassette and places the substrate in the sub- 
strate orientor 230. The substrate orientor 230 deter- 
mines and orients the substrate to a desired orientation 
for processing through the system. The loading station so 
transfer robot 228 then transfers the oriented substrate 
from the substrate orientor 230 and positions the sub- 
strate in one of the substrate slots in the substrate pass- 
through cassette 238 in the SRD station 212. The main- 
frame transfer robot 21 6 picks up the substrate from the 55 
substrate pass-through cassette 238 and positions the 
substrate for transfer to one of the connected repair 
process cells 215 for a seed layer repair process utiliz- 



ing electroless deposition. After the seed layer repair 
process, the mainframe transfer robot 216 transfers the 
substrate to the processing cell 240 for the electroplat- 
ing process Typically, the electroplating is carried out at 
room temperature, but may vary as necessary to incor- 
porate new electroplating processes. 
[0050] After the electroplating deposition process is 
completed, the mainframe transfer robot 21 6 then trans- 
fers and positions the processed substrate above the 
SRD module 236. The SRD substrate support lifts the 
substrate, and the mainframe transfer robot blade 
retracts away from the SRD module 236. The substrate 
is cleaned in the SRD module using deionized water or 
a combination of deionized water and a cleaning fluid as 
described in detail above. The substrate is then posi- 
tioned for transfer out of the SRD module. The loading 
station transfer robot 228 picks up the substrate from 
the SRD module 236 and transfers the processed sub- 
strate into the RTA chamber 21 1 for an anneal treatment 
process to enhance the properties of the deposited 
materials. The annealed substrate is then transferred 
out of the RTA chamber 21 1 by the loading station robot 
228 and placed back into the substrate cassette for 
removal from the electroplating system. The above- 
described sequence can be carried out for a plurality of 
substrates substantially simultaneously in the electro- 
plating system platform 200 of the present invention. 
Also, the electroplating system according to the inven- 
tion can be adapted to provide multi-stack substrate 
processing. 

[0051] While foregoing is directed to the preferred 
embodiment of the present invention, other and further 
embodiments of the invention may be devised without 
departing from the basic scope thereof, and the scope 
thereof is determined by the claims that follow. 

Claims 

1. An annealing process for a metal layer comprising: 

a) annealing the metal layer at a first tempera- 
ture; and 

b) annealing the metal layer at a second tem- 
perature higher than the first temperature. 

2. A process as claimed in claim 1, wherein the first 
temperature is less than about 300°C. 

3. A process as claimed in claim 1 or claim 2, wherein 
the second temperature is more than about 300°C 
and less than about 450°C. 

4. A process as claimed in any of claims 1 to 3, 
wherein the metal layer is amended at the first tem- 
perature for less than about 30 seconds. 

5. A process as claimed in any of claims 1 to 4, 
wherein the metal layer is annealed at the second 
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temperature for less than about 90 seconds. 

6. A process as claimed in any of claims 1 to 5, 
wherein the metal layer is copper. 

5 

7. A process as claimed in any of claims 1 to 6, 
wherein the metal layer is deposited by electroplat- 
ing. 

8. A process as claimed in any of claims 1 to 7, 10 
wherein the metal layer is annealed in a processing 
gas selected from the group consisting of nitrogen 
(N 2 ), argon (Ar), helium (He), and combination 
thereof. 

15 

9. A process as claimed in claim 8, wherein the 
procesing gas has an oxygen content less than 
about 100 parts per million (ppm). 

10. A process as claimed in claim 9, wherein the 20 
processing gas has an hydrogen content less than 
about 4% by volume. 

1 1 . A process of forming a copper layer on a substrate, 
comprising: 25 



12. A process as claimed in claim 1 1 , wherein the cop- 35 
per layer is deposited by electroplating. 

13. A process as claimed in claim 11 or claim 12, 
wherein the second temperature is less than about 
450°C. 40 

14. A process as claimed in any of claims 11 to 13, 
wherein the copper layer is annealed in a process- 
ing gas selected from the group consisting of nitro- 
gen (N 2 ), argon (Ar), helium (He), and 45 
combinations thereof. 

15. A process as claimed in claim 14, wherein c has an 
oxygen content less than about 100 parts per mil- 
lion (ppm). 50 

1 6. A process as claimed in claim 1 5, wherein the metal 
layer is annealed in a processing gas that has an 
hydrogen content less than about 4% by volume. 

55 

1 7. A process for forming a feature on a substrate com- 
prising: 



a) depositing a dielectric layer on the substrate; 

b) etching an aperture within the dielectric 
layer; 

c) depositing a conductive metal layer in the 
barrier layer; 

d) annealing the conductive metal layer at a 
first temperature; and 

e) annealing the conductive metal layer at a 
second temperature higher than the first tem- 
perature. 

18. A process as claimed in claim 17, further compris- 
ing planarizing the conductive metal and dielectric 
layers. 

19. A process as claimed in claim 17 or claim 18, 
wherein the first temperature is less than about 
300°C and the second temperature is more than 
about 300°C and less than about 450°C. 

20. A process as claimed in any of claims 17 to 19, 
wherein the conductive metal layer is annealed at 
the first temperature for less than about 30 seconds 
and is annealed at the second temperature for less 
than about 90 seconds. 

21. A process as claimed in any of claims 17 to 20, 
wherein the conductive metal layer is copper. 

22. A process as claimed in any of claims 17 to 21, 
wherein the conductive metal layer is deposited by 
electroplating. 

23. A process as claimed in any of claims 17 to 22, 
wherein the conductive metal layer is annealed in a 
processing gas selected from the group consisting 
of nitrogen (N 2 ), argon (Ar), helium (He), and com- 
binations thereof. 

24. A process as claimed in claim 23, wherein the 
processing gas has an oxygen content less than 
about 100 parts per million (ppm). 

25. A process as claimed in claim 24, wherein the 
processing gas has an hydrogen content less than 
about 4% by volume. 



a) depositing the copper layer on the substrate; 

b) annealing the copper layer at a first temper- 
ature less than about 300°C for less than about 

30 seconds; and 30 

c) annealing the copper layer at a second tem- 
perature greater than about 300°C for less than 
about 90 seconds. 
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(54) Optimal anneal technology for micro-voiding control and self-annealing management of 
electroplated copper 



(57) The present invention generally provides for a 
two step annealing process for a deposited metal layer 
(18). More particularly, the two step annealing process 
provides for annealing a metal layer, preferably electro- 
plated copper, at less than about 300°C for less than 
about 30 seconds, followed by annealing the layer at 
between about 300°C and about 450°C for less than 



about 90 seconds. The annealing process occurs in a 
processing gas preferably with an oxygen content less 
than about 1 00 parts per million (ppm) and an hydrogen 
content less than about 4% by volume. The invention 
has the advantages of increased substrate throughput 
rates, improved self-annealing micro-void control, and 
improved grain growth management. 
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